Abstract. At present, survivin is one of the most cancer-specific proteins that has been identified. The present study aimed to investigate the antitumor effects of novel survivin small interfering RNA (siRNA) nanoliposomes targeting survivin in human hepatocellular carcinoma MHCC-97H cells and xenograft mouse models. Survivin-targeted siRNA nanoliposomes were prepared and transfected into MHCC-97H cells and MHCC-97H-bearing nude mice. Survivin expression was analyzed using reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and western blotting. Cell viability was analyzed using an MTT assay and apoptosis was evaluated using Hoechst and Annexin V-fluorescein isothiocyanate/propidium iodide staining. Tumor growth in MHCC-97H-bearing mice was monitored following treatment and tumor samples were obtained for survivin expression analysis using RT-qPCR, western blotting and immunohistochemistry staining. Survivin expression levels were significantly downregulated by nanoliposome-mediated survivin siRNA delivery and this was associated with a significant inhibition of cell growth and an increase in the apoptosis of MHCC-97H cells. Downregulation of survivin expression using survivin siRNA nanoliposomes inhibited tumor growth in the MHCC-97H xenograft models without significant treatment-associated toxicity. Therefore, a cationic nanoliposome-based survivin siRNA delivery system was constructed and demonstrated to be efficient for survivin siRNA delivery in in vitro and in vivo studies. These results demonstrate that survivin downregulation was able to significantly attenuate cell proliferation and induce the apoptosis of MHCC-97H cells, as well as inhibit tumor cell growth in MHCC-97H xenograft models, indicating that survivin suppression using siRNA may contribute to the inhibition of tumor development by suppressing cell proliferation and promoting apoptosis.
Introduction
Hepatocellular carcinoma (HCC) is one of the most common types of malignancy with high rates of recurrence and metastasis, and is ranked as the third leading cause of cancer-associated mortality worldwide (1) . The global incidence of HCC has continuously increased in 2008 according to the statistics of GLOBOCAN 2008 (2) , and Asian countries alone account for ~80% of cases worldwide (3) . Surgical resection is an optional choice for resectable HCC (4). However, <20% of patients are eligible for surgical management involving hepatic resection or transplantation (5) . The majority of patients with non-resectable HCC may benefit from multimodal treatment options (6) . However, their efficacy is limited by recurrence (7) and at present, no effective treatment is available for the majority of patients with HCC, except liver transplantation for certain selected patients (8) .
Molecular-targeted therapy has emerged as a novel potential treatment paradigm for HCC (9) . Survivin, a member of the inhibitor of apoptosis family, is established as one of the most cancer-specific proteins identified (10) . It is well documented to be highly and selectively overexpressed in almost all types of human malignancy, including HCC (11, 12) . Overexpression of survivin in tumors has been associated with chemotherapy and radiotherapy resistance, tumor recurrence and poor prognosis (13, 14) . Previous studies have focused on developing strategies for the use of survivin as a target for cancer therapy. However, intracellular modulation of survivin using small molecules is not feasible (9) . In HCC preclinical models, the use of small interfering RNA (siRNA) and antisense oligonucleotide-based approaches to reduce survivin expression levels
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has demonstrated a certain level of efficacy (15) . However, another study indicated that survivin knockdown only slightly affected the survival rate of HCC cells (16) . RNA interference is an effective post-transcriptional gene silencing technique with high specificity and efficiency, as well as low toxicity, and is widely utilized in cancer research. When used as a molecular-targeted cancer therapy, surviving-targeted siRNA is effective in inducing apoptosis and reversing chemoresistance in tumor cells (17, 18) . Cationic liposomes have previously been developed for siRNA delivery and exhibit beneficial effects on the induction of chemosensitivity and radiosensitivity in xenograft mouse models (19, 20) . However, the biological effects of nanoliposome-mediated survivin silencing using siRNA on human HCC have not been fully evaluated. In the present study, cationic nanoliposome-mediated survivin siRNAs were constructed and transfected into MHCC-97H cells and into a mouse xenograft model of HCC. Levels of cell proliferation and apoptosis were evaluated, as was survivin expression and the proliferation of tumors in nude mice.
Materials and methods
Cell lines and animals. The MHCC-97H HCC cell line was purchased from the Cell Bank of the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). Cells were cultured in Dulbecco's modified Eagle's medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (Hyclone; GE Healthcare Life Sciences, Logan, UT, USA) at 37˚C in a humidified incubator containing 5% CO 2 .
Male athymic BALB/c nude mice, weighing 20-24 g (7-9 weeks old), were obtained from Shanghai Laboratory Animal Center (Shanghai, China). Mice were maintained in specific pathogen-free conditions with free access to food and water, under a constant temperature of 22±2˚C and a 12 h light/dark cycle (7:00 a.m. to 7:00 p.m.). All animal experiments were approved by the Ethics Committee of the Capital Institute of Pediatrics (Beijing, China).
Preparation of survivin siRNA nanoliposomes. siRNA targeting survivin was synthesized by Biomics Biotechnologies Co., Ltd. (Nantong, China), with a sense sequence of 5'-GCA UCU CUA CAU UCA AGA AdT dT-3' and an antisense sequence of 5'-UUC UUG AAU GUA GAG AUG CdT dT-3'. An unrelated silencing sequence was synthesized as a negative control (NC), and the sequences of NC siRNA were as follows: Sense, 5'-UUC UCC GAA CGU GUC ACG UdT dT-3'; antisense, 5'-ACG UGA CAC GUU CGG AGA AdT dT-3'. siRNA molecules were encapsulated into nanoliposomes in ethanol-water solutions with a lipid composition of 1,2-distearoyl-sn-glycero-3-phosphocholine (Avanti Polar Lipids, Inc., Alablaster, AL, USA), cholesterol, dimethyldioctadecylammonium chloride and poly(ethylene glycol) ceramide C16 (all from Sigma-Aldrich; Merck Millipore, Darmstadt, Germany) in 100% ethanol (Sigma-Aldrich; Merck Millipore) at a molar ratio of 25:45:25:2.5, respectively. The mean diameter of the nanoliposomes was determined using a nanoparticle size analyzer (Zetasizer Nano ZS90; Malvern Instruments Ltd., Malvern, UK) and the data was 70.7±29.077 nm for survivin siRNA and 64.9±26.128 nm for NC siRNA.
Gene transfection in MHCC-97H cells. For siRNA nanoliposome transfection, MHCC-97H cells (1.5x10 5 /ml, 500 µl) were seeded in a 24-well plate one day prior to transfection and divided into three groups following overnight cultivation: Normal group (without transfection), NC group (NC siRNA nanoliposome) and survivin siRNA group (survivin siRNA nanoliposome). Cells were then incubated with NC and survivin siRNA nanoliposomes in Opti-MEM (Life Technologies, Inc, Gaithersburg, MD) at 37˚C for 4-6 h. Mediums were then changed and cells were then incubated for another 48 h. The mRNA and protein expression levels of survivin were subsequently determined.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Total RNA was isolated using RISO™ RNA reagent (Biomics Biotechnologies Co., Ltd.) according to the manufacturer's protocol. cDNA synthesis and subsequent polymerization was performed using a SensiMix™ SYBR One-Step kit (Quantace; Bioline Reagents Ltd., London, UK). RT-qPCR was performed on the ABI PRISM real-time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.) using 2xOne-Step qPCR Mix (12.5 µl), 50x SYBR Green I (0.5 µl), primers (0.5 µl), and cDNA template (100 ng, 4 µl). The thermocycler conditions were as follows: Pre-incubation at 95˚C for 10 min, followed by 45 amplification cycles at 95˚C for 20 sec, 58˚C for 30 sec, and 72˚C for 30 sec. The housekeeping gene GAPDH was used as an internal control. Relative gene expression was calculated by the 2 -ΔΔCq method (21) . The primers used are summarized in Table I .
Western blotting. A total of 48 h following gene transfection, the MHCC-97H cells in each group were harvested for survivin expression analysis. The cells were washed twice with cold PBS and lysed on ice in SDS lysis buffer. Protein samples were separated by 8% SDS-PAGE and electrotransferred to polyvinylidene fluoride membranes (EMD Millipore, Billerica, MA, USA) and blocked in 5% non-fat dry milk at room temperature for 2 h. The membranes were incubated overnight at 4˚C with rabbit polyclonal anti-survivin antibody (dilution, 1:500; cat. no. ab469; Abcam, Cambridge, UK) and mouse anti-β-actin monoclonal antibody (dilution, 1:400; cat. no. BM0005; Wuhan Boster Biological Technology, Ltd., Wuhan, China), followed by goat anti-rabbit or -mouse horseradish peroxidase (HRP)-conjugated secondary immunoglobulin G antibodies (dilution, 1:500, cat. no. BA1054 and BA1051; Wuhan Boster Biological Technology, Ltd., Wuhan, China) at room temperature for 2 h. The detection was performed using an enhanced chemiluminescence system (Sino-American Biotechnology Co., Ltd., Luoyang, China). Image J software version 1.441 (National Institutes of Health, Bethesda, MD, USA) was used for band intensity quantification.
MTT assay. The proliferation of MHCC-97H cells following survivin siRNA nanoliposome transfection was detected using an MTT assay. Briefly, 1x10 3 cells were plated in 96-well plates and cultured overnight at 37˚C. Following transfection, 10 µl MTT (Nanjing Shengxing Biotechnology Co. Ltd., Nanjing, China) was added to each well and the cells were incubated at 37˚C for an additional 4 h. A total of 150 ml of dimethyl sulfoxide was added to each well to dissolve the formazan crystals. Following incubation at 37˚C for 10 min, the absorbance of each sample was recorded at a wavelength of 570 nm using a microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Hoechst and Annexin V-f luorescein isothiocyanate (FITC)/propidium iodide (PI) staining. For Hoechst staining, 3x10
5 ml cells were plated in a 24-well plate, incubated with survivin siRNA nanoliposome at 37˚C for 48 h and stained with Hoechst 33258 (Thermo Fisher Scientific, Inc.) for 10-20 min. Cells were analyzed using a fluorescence microscope (x100; Nikon E400; Nikon Corporation, Tokyo, Japan). Cells with condensed and fragmented nuclei were considered to be apoptotic.
The apoptosis of MHCC-97H cells following survivin siRNA nanoliposome transfection was further evaluated using flow cytometry (FCM) with an Annexin V-FITC/PI kit (Beyotime Institute of Biotechnology, Haimen, China). The adherent cells were collected using centrifugation and resuspended at a density of 1.5x10 5 /ml. Cell suspensions of 2 ml were seeded into each well of 6-well culture plates and cultured at 37˚C for 48 h, then stained with 5 µl Annexin V-FITC and 10 µl PI in the dark. The cells were analyzed using a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, USA). The results were displayed as quadrant dot plots with intact cells (Annexin V-/PI-), late apoptotic cells (Annexin V+/PI+), early apoptotic cells (Annexin V+/PI-) and necrotic cells (Annexin V-/PI+). The number of each type of cell was expressed as a percentage of the total number of stained cells.
MHCC-97H xenograft model and treatment. MHCC-97H cells (4-6x10
6 /0.2 ml) were subcutaneously injected into male BALB/c nude mice. When the tumors reached ~1 cm in diameter, subcutaneous tumors were collected, cut into sections of 1x1x1 mm 3 and transplanted into the subaxillary tissue of male BALB/c nude mice.
When the tumors reached a mean diameter of 3-5 mm, the mice were randomly assigned to four groups (n=6): the NC-IV group, intravenous injection of NC siRNA nanoliposome (3 mg/kg, twice a week for 5 weeks); the SU-IT group, intratumoral injection of survivin siRNA nanoliposome (50 µg/mouse, twice a week for 5 weeks); the SU-IV group, intravenous injection of siRNA nanoliposome (3 mg/kg, twice a week for 5 weeks); the DOX group, intraperitoneal injection of doxorubicin hydrochloride (2.5 mg/kg, weekly for 5 weeks; Shenzhen Wanle Pharmaceutical Co., Ltd., Wuhan, China).
The tumor size and body weight of each mouse were measured every 3 days for a period of 31 days. The length and width of the tumor was measured using vernier calipers. Tumor volume was calculated to obtain the relative tumor volume (RTV). Tumor volume and the inhibition rate of survivin siRNA nanoliposomes on the tumor growth were calculated as described previously (22) . The animals were sacrificed by cervical dislocation following the final treatment and tumors were excised and weighed. Tumor tissues were collected in each group for survivin expression analysis using RT-qPCR, western blot analysis and immunohistochemistry including hematoxylin and eosin (H&E) staining analysis.
Histological and immunohistochemistry analysis. Tumor tissues were fixed in 10% formalin phosphate buffer at room temperature for 24 h and consequently processed for paraffin embedding. The 5 µm sections of tissue were cut, dewaxed in xylene, and rehydrated with a series of graded alcohols (100, 95, 80 and 75%). The sections were then stained with hematoxylin eosin. For immunohistochemistry analysis, antigen retrieval was achieved by pressure cooking in citrate buffer (0.01 mol/l) for 10 min. The sections were incubated with rabbit anti-survivin monoclonal antibody (1:500, cat. no. ab76424, Abcam), followed by incubation with the secondary antibody, HRP-conjugated AffiniPure Goat Anti-Rabbit IgG (cat. no. 111-035-003; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) at a dilution of 1:1,000. The sections were visualized with 3,3-diaminobenzidine and counterstained with hematoxylin. The sections were photographed under a light microscope (x40; Nikon 50i; Nikon Corporation).
Statistical analysis.
All experiments were performed in triplicate as a minimum and data are expressed as the mean ± standard deviation. One-way analysis of variance was used to compare the significance between groups. P<0.05 was considered to indicate a statistically significant difference. All statistical analyses were performed using SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA).
Results

siRNA nanoliposomes downregulate survivin expression in MHCC-97H cells.
RT-qPCR analysis demonstrated that, compared with MHCC-97H cells treated with NC siRNA, the mRNA expression levels of survivin were effectively downregulated following survivin siRNA liposome transfection (P=0.006; Fig. 1A ). The level of survivin protein was also significantly decreased (P=0.009; Fig. 1B ) in comparison with the survivin protein levels in NC siRNA-treated MHCC-97H cells.
Survivin siRNA nanoliposomes inhibit the proliferation of MHCC-97H cells. The viability of MHCC-97H cells following survivin siRNA nanoliposome transfection was evaluated using an MTT assay. The MTT results demonstrated that the downregulation of survivin expression using siRNA nanoliposome transfection significantly reduced the proliferation of MHCC-97H cells, as compared with that in the normal group ( Fig. 2A; P<0.05) . No significant differences were identified in cell proliferation between the NC siRNA nanoliposome-transfected cells and the normal group ( Fig. 2A) .
Survivin siRNA nanoliposomes enhance the apoptosis of MHCC-97H cells.
MHCC-97H cells were transfected with survivin siRNA nanoliposomes and apoptosis was evaluated using Hoechst and Annexin V-FITC/PI staining. Hoechst staining revealed an increased nuclear condensation and morphological changes in MHCC-97H cells following survivin siRNA nanoliposome transfection, when compared with that of the NC siRNA nanoliposome-transfected or normal cells (Fig. 2B) . The Annexin V-FITC/PI double staining analysis by flow cytometry indicated that the number of Annexin V-FITC/PI double-positive cells increased significantly following transfection with survivin siRNA nanoliposomes, whilst no significant difference was detected between NC siRNA nanoliposome-transfected cells and normal cells (P=0.003 and P=0.803, respectively; Fig. 2C ).
Survivin siRNA nanoliposome inhibit the growth of MHCC-97H xenograft.
The antitumor effect of survivin siRNA nanoliposomes was further investigated in the MHCC-97H xenograft model. As presented in Table II , survivin siRNA nanoliposome treatment significantly inhibited tumor growth (P<0.001). Compared with the NC siRNA group, the survivin siRNA nanoliposome group exhibited inhibited tumor growth, similar to the effect observed in the DOX group. The images of the dissected tumor tissues and inhibition rate of tumor growth at day 31 are presented in Fig. 3 . No significant differences were identified in the body weight among the groups (P= 0.3144), whereas delivery of survivin siRNA nanoliposome intratumorally or intravenously significantly reduced the tumor weight to 32.2 and 36.67%, compared with NC-IV tumor weight (P=0.035 and P=0.021, respectively). The tumor inhibition rate of the survivin siRNA-treatment groups was similar to that of the DOX group (31.11%). The tumor samples were harvested for survivin expression analysis. As presented in Fig. 4 , the gross distribution of immunoreactive survivin in the tumors was analyzed using immunohistochemistry and revealed a general decrease of survivin staining in tumors from mice treated with survivin siRNA nanoliposome, whereas the tumors of mice treated with NC siRNA nanoliposomes exhibited significantly increased survivin staining. Survivin mRNA and protein was highly expressed in the transplanted tumors treated with NC siRNA nanoliposomes, and survivin siRNA nanoliposomes significantly downregulated the tumor-induced upregulation of survivin mRNA and protein expression (P<0.001 and P=0.001, respectively).
Discussion
Targeted molecular therapy using siRNA has been investigated in a number of studies as a method of treating tumors due to its specific and potent silencing of targeted genes (23) (24) (25) . Targeted therapy has been reported to induce apoptosis, block cell proliferation and even suppress tumor formation and growth (26) (27) (28) . Survivin is an established apoptosis-inhibiting factor that is selectively expressed in numerous types of cancer cells but not in normal tissues (29) , and is therefore a potential target gene for therapeutic intervention. Using siRNA-mediated knockdown of survivin inhibited cancer cell proliferation, enhanced apoptotic susceptibility and decreased tumorigenicity in human xenografts (22, 30) . Despite the potential therapeutic advantages, effective delivery of siRNA to tumor cells remains a major barrier for RNA-based cancer therapy, and the success of gene therapy is highly dependent on the delivery vector (19) . An effective delivery system that is able to protect the siRNA from enzymatic degradation and promote specific cellular uptake is required (31) . Use of a cationic liposome/micelle-based system is a possible solution to this problem and has been applied for siRNA delivery (32) . Survivin downregulation using a siRNA/cationic liposome complex resulted in significant cell growth inhibition, increased apoptotic rate and radiosensitivity in human HCC (20) .
In the current study, an effective siRNA sequence targeting survivin was selected and cationic liposome-based nanoliposomes were constructed to deliver survivin-targeted siRNA into human MHCC-97H HCC cells. The phenotypic changes following cationic liposome-mediated transfection were analyzed. The results demonstrated that the transfection of HCC cells with survivin siRNA nanoliposomes downregulated the mRNA and protein expression levels of the survivin gene, as demonstrated using RT-qPCR and western blot analysis. This result indicated that this nanoliposome construct may facilitate survivin siRNA transfection into transplanted hepatic tumor cells in a mouse model to block survivin expression. Delivery of survivin siRNA nanoliposome into MHCC-97H xenografts significantly inhibited the growth of tumor cells. The findings of the current in vitro and in vivo studies are concordant, suggesting that the stable knockdown of survivin using siRNA nanoliposome abrogated its function in cell proliferation and apoptosis. To evaluate treatment-associated toxicity, body weight was used as an index for the general health status of the mice, and delivery of the survivin siRNA nanoliposome by intratumoral or intravenous injection caused no significant reduction in body weight of the mice in comparison with that of the NC group and DOX group. This suggests that there is no treatment-associated toxicity as a result of survivin siRNA nanoliposome administration in a mouse model.
NC-IV
Apoptosis is the main mode of cell death that is induced by numerous classes of anticancer agent (33, 34) . Survivin was originally proposed to perform an antiapoptotic function (35, 36) . Knockdown of survivin using genetic deletion, anti-sense oligonucleotides, dominant negative inhibitors or siRNAs is able to induce apoptosis in tumor cells (25, 26, 37, 38) . A recent study by Han et al (39) also indicated that the transfection of survivin antisense oligonucleotide using polyamidoamine dendrimer liposomes inhibited hepatic cell proliferation by inducing apoptosis, concordant with previous studies, which have suggested that survivin has an important role in cellular proliferation (40, 41) . A previous study detected survivin overexpression in 70% of patients with HCC, which was correlated with poor prognosis (42) . The potential underlying molecular mechanism was suggested to involve the proliferation-promoting effect of survivin in HCC cells (42) . Downregulation of survivin in the present study was associated with significant cell growth inhibition, as detected using an MTT assay, and increased apoptotic rate, as revealed using Hoechst and Annexin V-FITC/PI staining. This is concordant with the results of previous studies, which indicated that survivin expression levels correlate with reduced tumor growth and increased apoptosis in several types of tumor cells (43) (44) (45) . However, Zhang et al (30) indicated that tumor growth-inhibition due to survivin downregulation was associated with decreased cell proliferation; however survivin downregulation did not affect the levels of apoptosis. The authors hypothesized that, as there are numerous anti-apoptotic mechanisms involved in the prevention of apoptosis in HCC cells, one of these alternate underlying mechanisms may be the reason for this discrepancy (30) . These conflicting results may also be partially explained by the varied strategies used for gene knockout and the differing delivery system and vectors used. siRNA, a double-stranded RNA, was suggested to be more resistant to nuclease degradation, providing a longer duration of therapeutic effects and, therefore, being more efficient and durable in cell culture compared with the antisense oligonucleotide strategy (46) . Future studies are required to further elucidate the potential underlying mechanisms of siRNA delivery.
Efficient introduction of siRNA into target cells is necessary to facilitate the application of siRNA in cancer gene therapy. Several independent studies have investigated the systemic delivery strategies for the introduction of survivin siRNA into mice (30, 47, 48) . The local injection method was considered to be feasible for the clinical application of siRNA and was generally performed in these previous studies. Zhang et al (30) injected survivin short hairpin RNA into the local tumor region and monitored tumor growth and survival rate. In the present study, intratumoral and intravenous injections were performed to introduce survivin siRNA nanoliposome into the MHCC-97H xenograft models. The results indicate that the RTV and tumor inhibition rate, as well as the treatment-associated toxicity, were not significantly different between the SU-IT and SU-IV mice. This suggests that survivin-targeted siRNA delivered using nanoliposomes is safe for intratumoral local or intravenous systemic administration.
In conclusion, a cationic nanoliposome-based survivin siRNA delivery system was constructed and demonstrated to be efficient for survivin siRNA delivery in in vitro and in vivo assays. These results demonstrate that survivin downregulation may significantly attenuate cell proliferation and induce the apoptosis of MHCC-97H HCC cells, as well as inhibiting tumor cell growth in MHCC-97H xenograft models, indicating that survivin suppression with siRNA may contribute to tumor inhibition through the inhibition of proliferation and promotion of apoptosis.
